Intermediate filament (IF)-like cytoskeleton emerges as a versatile tool for cellular organization in all kingdoms of life, underscoring the importance of mechanistically understanding its diverse manifestations. We showed previously that, in Streptomyces (a bacterium with a mycelial lifestyle similar to that of filamentous fungi, including extreme cell and growth polarity), the IF protein FilP confers rigidity to the hyphae by an unknown mechanism. Here, we provide a possible explanation for the IF-like function of FilP by demonstrating its ability to self-assemble into a cis-interconnected regular network in vitro and its localization into structures consistent with a cytoskeletal network in vivo. Furthermore, we reveal that a spatially restricted interaction between FilP and DivIVA, the main component of the Streptomyces polarisome complex, leads to formation of apical gradients of FilP in hyphae undergoing active tip extension. We propose that the coupling between the mechanism driving polar growth and the assembly of an IF cytoskeleton provides each new hypha with an additional stress-bearing structure at its tip, where the nascent cell wall is inevitably more flexible and compliant while it is being assembled and matured. Our data suggest that recruitment of cytoskeleton around a cell polarity landmark is a broadly conserved strategy in tip-growing cells.
Intermediate filament (IF)-like cytoskeleton emerges as a versatile tool for cellular organization in all kingdoms of life, underscoring the importance of mechanistically understanding its diverse manifestations. We showed previously that, in Streptomyces (a bacterium with a mycelial lifestyle similar to that of filamentous fungi, including extreme cell and growth polarity), the IF protein FilP confers rigidity to the hyphae by an unknown mechanism. Here, we provide a possible explanation for the IF-like function of FilP by demonstrating its ability to self-assemble into a cis-interconnected regular network in vitro and its localization into structures consistent with a cytoskeletal network in vivo. Furthermore, we reveal that a spatially restricted interaction between FilP and DivIVA, the main component of the Streptomyces polarisome complex, leads to formation of apical gradients of FilP in hyphae undergoing active tip extension. We propose that the coupling between the mechanism driving polar growth and the assembly of an IF cytoskeleton provides each new hypha with an additional stress-bearing structure at its tip, where the nascent cell wall is inevitably more flexible and compliant while it is being assembled and matured. Our data suggest that recruitment of cytoskeleton around a cell polarity landmark is a broadly conserved strategy in tip-growing cells. Recently, an increasing number of reports have shown that these putatively IF-like proteins assemble into cytoskeletons in evolutionarily diverse bacteria, of which several examples are given below.
Crescentin, which determines the characteristic curved cell morphology in the ubiquitous aquatic bacterium Caulobacter crescentus, was the first and is now the best characterized bacterial IF-like protein (1, 2) . Crescentin forms a long cable-like cytoskeletal structure, which is characterized by stability and very low turnover rates (2, 3) . Because it is attached to the cell membrane parallel to the long cell axis in a stretched-out state, it applies physical force to the underlying cell envelope, thereby locally reducing the rate of new cell wall incorporation. The opposite sides of the cylindrical cell wall will therefore grow with different rates, resulting in a crescent-shaped curved sacculus (1, 2) . Thus, crescentin functions via mechanical interference with the building of the bacterial cell wall. Although less studied, filament-forming coiled coil-rich proteins are important determinants also of the characteristic helical cell shape of Helicobacter species (4, 5) . In Corynebacterium glutamicum, an essential coiled-coil protein, rod shape morphology protein (RsmP) forms a cytoskeletal element involved in determination of the rod shape of the cells (6) . Another example of a coiled-coil cytoskeleton in bacteria is presented by the conspicuous cytoplasmic filaments of Treponema (7) . We have previously shown that IF-like proteins are present and conserved in several species of the Gram-positive phylum Actinobacteria (see below and ref. 8) .
Although most of the distantly related bacterial IF-like proteins do not share obvious conserved sequence motifs with each other or with eukaryotic IF proteins, we refer to them as "IF-like," based on their structural, biochemical, and functional analogy to eukaryotic IF proteins. In addition to their similar coiled-coil domain architecture, most of the above mentioned bacterial proteins also share a fundamental biochemical property with the eukaryotic IF proteins, which is to spontaneously self-assemble into ordered filaments without requirements for nucleotides or specific cofactors (5, 6, 9, 10) . It has been shown for crescentin that, similarly to IF proteins, this property is conferred by the main structural element, the central coiled-coil rod domain (11) , which is likely to be the case for other bacterial IF-like proteins. Evidently, both bacteria and eukaryotes have developed cytoskeletal systems based on fibrous proteins with a segmented coiled-coil rod as a molecular blueprint and the structural basis for a cytoskeletal function, suggesting that a coiled-coil cytoskeleton emerged early in evolution.
Differently from actin-and tubulin-based cytoskeletons, a hallmark of the eukaryotic IF cytoskeleton is a wide diversity of cellular structures and functions (12, 13) . Because specific types of IF proteins are present in various differentiated animal cells, the lack of easily tractable genetic systems has hampered molecular studies of animal IF proteins. Thus, studies of IF-like proteins in genetically
Significance
Here, we show that FilP, a bacterial cytoskeletal protein related to metazoan intermediate filament (IF) proteins, can self-assemble into a regular network structure. This finding offers a possible explanation for its previously characterized role in cellular rigidity and elasticity and might offer insights into the mechanical role of human IFs. The assembly of FilP cytoskeleton is coupled to the function of the polarisome, a protein complex orchestrating the polar growth characteristic of Streptomyces. These results suggest that apical assembly of a stress-bearing cytoskeleton is a common strategy in tip-growing walled cells, such as filamentous fungi, pollen tubes, and mycelial bacteria.
and phenotypically tractable organisms would be a valuable source of new information to understand the basic working principles and the functional versatility of the coiled-coil cytoskeleton.
Here, we report data concerning the IF-like protein FilP in Streptomyces coelicolor and provide mechanistic insight into a divergent IF-like function in bacteria. Streptomyces are ubiquitous soil and aquatic organisms of large industrial and medical importance due to secondary metabolite production (14) . Due to their intricate lifestyle involving multicellularity, differentiation, and sporulation, they have also become model organisms in cell and developmental biology research (15) (16) (17) . A feature relevant for the present work is the pronounced apical growth (18) . Vegetative hyphae grow by tip extension and branching to form a multicellular mycelium. We have previously reported that FilP and other members of its conserved family, such as Mb1709 from Mycobacterium bovis, spontaneously oligomerize in vitro. Higher-order structures were also formed by FilP in vivo, which contributed to the normal rigidity and elasticity of the S. coelicolor hyphae, as shown by atomic force microscopy (8) . However, because the latter properties are usually determined by the peptidoglycan cell wall in bacteria, the role of FilP remained mysterious. Here, we show that lack of FilP does not substantially affect cell wall structure. We also present data showing that FilP forms a densely cross-linked regular network in vitro and that the in vivo localization is consistent with a cellular network of FilP. These data suggest that FilP is likely to provide direct mechanical support to the cells. Another finding presented here is that the formation of the FilP cytoskeleton is directly connected to polar growth. Apical growth is one of the most extreme manifestations of cellular polarity and has been extensively studied in filamentous fungi, yeasts, and the pollen tubes and root hairs of plants. Polarized actin and tubulin cytoskeletons play key roles in these eukaryotic examples of apical growth. In contrast, the actin and tubulin cytoskeletons are not involved in polar growth in Streptomyces, as mutants lacking FtsZ (tubulin) or MreB (actin) proteins are viable and grow via tip extension (19, 20) . In Streptomyces species, and in many other members of Actinobacteria, the coiled-coil protein DivIVA is the key factor in generating cell polarity (15, 18) . The current model of DivIVA action is that it assembles into large protein complexes at sites of de novo pole formation. These complexes, likely involving other proteins, are termed bacterial polarisomes and serve to recruit factors needed for new cell envelope synthesis (21) (22) (23) (24) . Recently, another coiled-coil protein, Scy, was found to be part of the polarisome complexes (also referred to as tiporganizing centers), and to have an important, albeit not essential, role in polar growth (25) . Here, we show that the DivIVA polarisomes also recruit gradients of the FilP cytoskeleton, which thereby will extend from sites of incipient polar growth into the hyphal interior during tip elongation, ensuring that an additional stress-bearing structure assembles at the most vulnerable zones of the hyphal envelope. Thus, we have revealed that a dynamic interplay between two coiled-coil cytoskeletal elements is an important process during establishment and maintenance of growth polarity in a tip-growing organism.
Results
FilP Forms Cis-Interconnected Networks in Vitro. In previous work, we have shown that loss of FilP leads to reduced rigidity and elasticity of the hyphae, suggesting that FilP may either contribute to peptidoglycan cell wall assembly, or provide direct mechanical support, on par with the IF cytoskeleton in eukaryotic cells (8) .
In an attempt to distinguish between these possibilities, we first examined transmission electron micrographs of thin sections of vegetative hyphae of a wild-type and an filP deletion strain NA883. No obvious differences in thickness and structure of their cell envelopes could be detected. Next, we reasoned that defects in cell wall structure should render the hyphae more susceptible to cell wall damaging agents. Lysozyme and vancomycin were applied on paper discs placed on a thin lawn of young mycelium of wild-type and filP mutant strains, and the inhibition zones were measured. Again, no significant difference was observed between the strains (Table S1 ). Since these data indicate that the absence of FilP does not result in substantial defects in the peptidoglycan cell wall structure, we sought to explore the potential for a direct structural role for the FilP cytoskeleton. We began by investigating the in vitro filaments formed by purified hexahistidinetagged FilP (His-FilP) under various conditions. Our previous results had revealed that His-FilP formed compact striated filaments in most buffers tested, that were difficult to relate to the cellular function in rigidity (8) . Systematic screening of different assembly conditions revealed that several conditions [slow oligomerization at +4°C and assembly in polymix buffer (26) ] favored formation of FilP networks, rather than compact filaments ( Fig. 1 and Fig. S1 ). Polymix is a complex buffer designed to mimic conditions in the cytoplasm (26, 27) . Fig. 1 shows a spectacular network, consisting predominantly of hexagonal elements, which at several places coalesces into compact striated filaments. Because the network is clearly continuous with the previously observed striated filaments (Fig. 1B) , it suggests that both structures assemble by the same mechanism and differ by the degree of compaction mainly. There is a large body of experimental data, both in vivo and in vitro, demonstrating that the viscoelasticity and mechanical resilience of cytoskeletal networks are determined by the density of cross-links between individual filaments (28, 29) . Thus, our data showing that FilP has the ability to self-assemble into extensive networks with frequent and regularly spaced cross-links, without the involvement of additional cross- linking proteins, offer a possible mechanistic explanation for its observed biological role in cell rigidity and elasticity.
FilP Cytoskeleton Forms Polar Gradients During Active Growth. To test whether the in vitro data have relevance for the in vivo situation, we set out to explore the cellular localization of FilP by immunofluorescence microscopy (IFM) using affinity purified anti-FilP antibodies in the wild-type strain M145. The control strain NA883 lacking filP consistently lacked fluorescent signals, showing that the antibodies are highly specific. Interestingly, IFM revealed that, in actively growing cultures, 98% of hyphae exhibited strong staining in the apical region (17 h of growth, n = 200), which appeared as a polar gradient, with the strongest signal being found close to the tip ( Figs. 2A and 3C ). Deconvolution of several Z-stacks revealed patterns of fluorescence in these apical gradients, reflecting various structures. Some hyphae contained long cables localized asymmetrically along one side of the hypha, whereas others showed shorter helical-looking cables (marked as lc and hc, respectively in Fig. 2A ). More faint filamentous structures were present throughout the hyphae but were not readily visible in all hyphae in the figure due to adjustments of the grayscale needed to resolve the brighter apical structures. Interestingly, lateral bulges, suggesting sites of emerging new branches, were often marked by bright FilP-specific fluorescence (ib in Fig. 2A) . Notably, the in vitro ability of FilP to form a network, which locally coalesces into cables with variable length and thickness (Fig. 1) , provides a straight-forward explanation for the complex localization pattern visualized by IFM (Fig. 2 A and  B) . The in vivo localization of FilP is also consistent with a cellular meshwork of branching filaments.
Hyphae from stationary cultures were devoid of polar FilP gradients and instead exhibited filamentous structures of relatively uniform intensity throughout the hyphal length (Fig. 2B) . To verify that the polar FilP gradients were associated with active growth, we analyzed the localization pattern of FilP in the wild-type strain M145 during growth in a batch culture. Fig. 2D shows growth curves of four independent time-course experiments, based on wet weight of withdrawn samples. IFM showed that, during the onset (30,5 h ) and further progression of the stationary phase (32 h, 36 h), apical gradients were present in 73% (n = 300), 47% (n = 150), and 27% (n = 300) of the hyphae, respectively (Fig. 2C) . The remaining hyphae contained extensive filamentous structures throughout their length, similar to those in Fig. 2B . Thus, our data indicate that polar accumulation of FilP and the formation of apical cytoskeletal gradients are associated with active growth.
Previously, we have reported a somewhat different localization of FilP as prominent lateral cables and small apical clouds in a strain expressing both FilP and FilP-EGFP (8) . However, a dominant negative effect of the nonfunctional FilP-EGFP is likely to distort the normal localization pattern of FilP in that strain. Reasoning that a flexible linker might improve the functionality of the fusion protein and overexpression of wild-type FilP might counteract the dominant negative effect of FilP-YPet, we constructed a strain that has filP-ypet (encoding FilP fused to the yellow fluorescent protein YPet via a flexible linker) at the native chromosomal locus, and tipAp-filP enabling thiostrepton-inducible synthesis of wild-type FilP at an ectopic locus (NA1062). Without thiostrepton, NA1062 exhibited a filP mutant phenotype, and FilP-YPet localized as described for the nonfunctional FilP-EGFP (8) (Fig. S2B) . However, overproduction of untagged FilP restored the wild-type morphology and caused relocalization of FilP-YPet into apical gradients in 70% of the hyphae (Fig. S2A ). Other characteristic features of FilP localization shown in Fig. 2A , such as network-like structures and accumulation at sites of incipient branches, were also frequent (Fig.  S2A ). Similar overproduction of FilP in the wild-type background resulted in increased signals of FilP immunofluorescence but did not cause any observable change in cell morphology or in FilP localization. Thus, the localization pattern of FilP, which we have shown here by different methods, IFM and live cell imaging, is likely to reliably reflect the in vivo situation.
FilP and DivIVA Interact but Do Not Colocalize. Because our data (Fig. 2) suggest that only hyphae undergoing active tip extension contain apical gradients of FilP, the next obvious step was to investigate the role of DivIVA, the essential determinant of polar growth, in FilP localization. First, we asked whether there is an interaction between these two proteins. Anti-FLAG antibodies were used to pull down FLAG-DivIVA with interacting proteins from cell lysates of strains K120 (tipAp-FLAG-divIVA) and K114 (tipAp-divIVA), in which FLAG-DivIVA and untagged DivIVA, respectively, were under the control of the thiostreptoninducible tipAp promoter (22, 24) . Western blot analysis clearly demonstrated that FilP was pulled down by DivIVA from lysates containing FLAG-DivIVA, but not from the control lysates containing untagged DivIVA (Fig. 3A) . To further verify these results, we conducted the reciprocal experiment, using anti-FilP antibodies to coimmunoprecipitate FLAG-DivIVA from strains K120 (tipAp-FLAG-divIVA) and NA956, an isogenic strain containing a deletion of filP. Consistent with our previous observations, FLAG-DivIVA was detected in the coimmunoprecipitate from strain K120, but not from the control strain NA956 (Fig.  3B) . These data strongly suggest that FilP and DivIVA interact although it is not possible to distinguish between a direct interaction, or an indirect one requiring other interaction partners present in the total cell lysate of S. coelicolor.
To differentiate between a direct versus an indirect interaction between FilP and DivIVA, we used a bacterial two-hybrid assay, based on the interaction-dependent reconstitution of adenylate cyclase activity from the T25 and T18 fragments of the CyaA protein (30) . Bait (T25-FilP, T25-DivIVA) and prey (FilP-T18, T18-FilP, DivIVA-T18, and T18-DivIVA) fusion proteins were coexpressed in the BTH101 strain of Eschericia coli in all possible combinations, and interactions were scored as development of blue color on indicator plates containing X-Gal (Fig. S3) . As expected, a strong interaction signal was observed for T25-FilP when paired with FilP-T18 or T18-FilP, supporting our previous observations that FilP interacts with itself (8) . Similarly, the T25-DivIVA/T18-DivIVA pair also showed a strong interaction signal, consistent with DivIVA oligomerization (24) . Interestingly, strong signals were also obtained for three different pairs involving both FilP and DivIVA (T25-FilP/T18-DivIVA, T25-DivIVA/T18-FilP, and T25-DivIVA/FilP-T18). The DivIVA-T18 fusion failed to produce a signal with either bait construct. To rule out a possibility of unspecific interactions between coiled-coil proteins in overexpression conditions, T25-DivIVA was coexpressed with prey constructs encoding T18 fusions to crescentin (10) and SCO3114 (a putative coiled-coil protein sharing conserved motifs with FilP). No interaction signal was observed for any of these combinations (Fig. S3) . These data collectively suggest that FilP and DivIVA interact directly.
Next, we visualized the localization of both proteins simultaneously by studying strain K112, containing divIVA-egfp, by fluorescence microscopy and found to our surprise that the FilP gradients initiated just behind the tip focus of DivIVA-EGFP and there was no colocalization of FilP and DivIVA. Fig. 3C shows apical intensity profiles of both DivIVA-EGFP fluorescence and FilP immunostaining in 24 hyphae and effectively illustrates the consistent adjacent localization of the cellular zones occupied by DivIVA and FilP and the formation of apical gradients by FilP.
In Situ Proximity Ligation Assay Confirms Close Cellular Proximity of
FilP and DivIVA Molecules. To understand the seemingly contradicting data showing interaction, but no colocalization, between FilP and DivIVA, we asked whether the interaction occurs at the interface of the FilP and DivIVA cellular zones. To visualize the interaction between FilP and DivIVA in S. coelicolor hyphae, we used in situ proximity ligation assay (PLA) (31) (32) (33) . Affinity purified rabbit anti-FilP antibodies and monoclonal mouse anti-FLAG antibodies were first bound to FilP and FLAGDivIVA, respectively, in fixed hyphae of strain K120 (tipAp-FLAGdivIVA). Proximity was detected by addition of PLA probessecondary antibodies coupled to DNA oligonucleotides-that template hybridization and ligation of two subsequently added connector oligonucleotides, which enable rolling circle amplification. Thus, signals can be expected only in subcellular locations where FilP and DivIVA molecules are in close proximity and not further apart than 40 nm. We detected distinct fluorescent signals in cells of strain K120 (Fig. 4 A and B) whereas no signals were observed in the control strains NA956 (containing FLAG-DivIVA and lacking FilP) and M145 (containing FilP and lacking FLAG-DivIVA) (Fig. 4 C and D) . The number of signals correlated to the level of induction of FLAG-divIVA. The tipAp promoter gives low level of expression even without inducer, and a few hyphae exhibited signals when grown without thiostrepton. However, the vast majority of hyphae contained one or multiple signals after a pulse of strong induction of FLAGdivIVA with 10 μg/mL thiostrepton for 1 h, followed by growth without inducer for 1 h (Fig. 4 A and B) . Signals were localized close to the tips and along the lateral sides of the hyphae. The apical signals were often a short distance away from the very tip, consistent with the convening edges of the DivIVA and FilP zones (Figs. 3C and 4 A and B). Several hyphae exhibited multiple lateral signals (panels with individual hyphae in Fig. 4A ), which is a localization pattern characteristic of DivIVA overproduction (see below and ref. 23) . Because no signals were observed in the controls, and the lateral signals appeared only after induction of FLAG-divIVA, it is likely that they represent locations where newly formed clusters of DivIVA interact with FilP. These results suggest that interaction between these two proteins occurs very early during hyphal branch formation because little to no lateral outgrowth was associated with the lateral PLA signals. In summary, the PLA assay confirmed that FilP and DivIVA are likely to interact with each other at the interface of their convening cellular zones.
It is possible that other protein partners modulate the interaction between DivIVA and FilP in vivo during the complex process of tip elongation in Streptomyces. A potential candidate is the large coiled-coil protein Scy, which has been shown to interact with both FilP and DivIVA (25) . We studied the localization of FilP in a scy null mutant strain (NA336). Although the scy mutation caused a severe morphological defect, FilP was still seen to form apical gradients in the actively growing hyphae of strain NA336 (Fig. S4) , indicating that the recruitment of FilP gradients by DivIVA in vivo does not require Scy.
DivIVA Clusters Recruit the FilP Cytoskeleton. Our data show that FilP readily and spontaneously assembles into a network structure without cofactors in vitro, but in vivo the most prominent FilP structures are found at the sites of polar growth. Therefore, we postulate that there are factors that regulate the assembly of FilP in vivo, and one such candidate is DivIVA. The demonstrated interaction between DivIVA and FilP might promote oligomerization of FilP into cytoskeletal structures, resulting in the formation of apical gradients as the tip elongates and the DivIVA cluster moves ahead. If this assumption is true, recruitment of FilP should be visible immediately following the formation of DivIVA foci. To study this putative recruitment process, we used strain K121, containing divIVA-egfp under the native divIVA promoter and a thiostrepton-inducible tipAp-divIVA, in which we can induce formation of multiple ectopic foci along the lateral sides of the hyphae by overproduction of DivIVA (made visible due to incorporation of DivIVA-EGFP). Some of these foci go on to establish new cell poles by recruiting peptidoglycan synthesis complexes and ultimately cause outgrowth of new hyphal branches (23) . Clear correlation between the localization of FilP and DivIVA clusters was observed in this strain after 1 and 2 h of DivIVA induction (Fig. 5) . Significantly, lateral foci of DivIVA-EGFP that were not associated with bulges and thus might represent the earliest stage of formation of DivIVA clusters were in most cases flanked by increased FilP signal (Fig. 5B, arrows) : of 304 lateral DivIVA foci counted, 289 (95%) were associated with an enhanced FilP signal. Thus, the data indicate that recruitment of FilP is an early event following formation of a DivIVA cluster. Also, in the cases where new branch outgrowth had been initiated, giving rise to lateral bulges in the hyphal wall, enhanced FilP fluorescence was consistently associated with DivIVA-EGFP foci. FilP was often seen as thicker cables emanating from the weaker FilP cytoskeleton in the main hypha and reaching out into the nascent branch, suggesting a dynamic remodeling of FilP polymers in response to the redistribution of cellular DivIVA (Fig. 5A, solid arrows) . Consistent with our previous observations, also the swollen hyphal tips (such swelling is a hallmark of DivIVA overexpression) contained DivIVA and a FilP apical gradient (Fig. 5 A and B) . We observed that, in overexpression conditions, DivIVA also localized to the cross-walls dividing the vegetative hyphae into compartments. These bands of DivIVA were flanked by enhanced zones of FilP (Fig. 5C) . Remarkably, there is little overlap ever seen between the DivIVA and FilP signals, even in overexpression conditions. These results support the proposal that FilP gradients are recruited by cellular clusters of DivIVA soon after their assembly, thus making sure that each new branch will acquire the FilP cytoskeleton.
To test whether DivIVA is the sole factor needed for formation of FilP apical gradients, we expressed FilP and DivIVA-EGFP from inducible promoters in E. coli as a heterologous host (Fig. S5) . After a short (30 min) induction of FilP in E. coli cells, which already contained polarly localized DivIVA-EGFP, small clusters of FilP had formed at random positions in the cells (Fig.   S5A) , showing that DivIVA alone is not able to recruit FilP to polar locations in E. coli. Upon prolonged expression, FilP filled the E. coli cells with structures visually similar to those observed in stationary phase S. coelicolor hyphae (Fig. 2B and Fig. S5B ). These data suggest that FilP can independently form cytoskeletal structures in vivo, but the formation of apical gradients during active growth is a complex process and is controlled by other Streptomyces-specific factors in addition to DivIVA.
Discussion
The Achilles' heel of apically growing walled cells, such as filamentous fungi, pollen tubes, yeasts, and others, is the inevitable structural weakness of the growing tip. The nascent cell wall is being assembled and matured at the tip, which is by necessity more flexible and compliant than the more highly cross-linked poledistal parts (34, 35) . This tip plasticity is also a prerequisite for polar growth. Current models suggest that the localized compliance of the apical cell wall enables extension of the cell in response to physical forces, provided by turgor pressure, cytoskeleton, or another mechanism (36) . There are experimental observations showing that the tip regions of Streptomyces hyphae are more susceptible to treatments with cell wall damaging agents than the tip-distal parts, suggesting that plasticity of the tip is also a feature of Streptomyces hyphae (37) . It is still not clear how cells deal with this inherent problem, but cytoskeletal elements may provide support to the growing tips. Here, we would like to propose and discuss a model of polar growth in Streptomyces, whereby recruitment of FilP is directly coupled to the process of tip extension, to build up an additional stress-bearing structure to compensate for the inherent weakness of the apical cell walls.
The first aspect of this model concerns the ability of FilP to provide structural support. It has been established by numerous in vitro and in vivo studies that cytoskeletal fibers need to be crosslinked into a network to obtain the mechanical properties needed for maintenance of cell shape and integrity and protection against physical stress (28) . We show here that FilP is able to selfassemble into a cis-linked, hexagonal network in the absence of any accessory proteins ( Fig. 1 and Fig. S1 ). Cis-acting factors have also been proposed to cause formation of IF cellular networks because, in contrast to actin and tubulin, very few IF cross-linking proteins are known (38, 39) . For example, divalent cations and sites at the extreme C termini of the subunits have been shown to mediate interactions between individual 10-nm-wide filaments and cause bundling (40) (41) (42) (43) (44) . However, network formation has not been visualized. Modeling of the hypothetical vimentin and neurofilament networks using arbitrary values ranging from 0.3 to 0.7 μm for the average distance between cross-links, has yielded elastic properties consistent with those of the cells (43, 44) . In comparison, the cross-links in a FilP network occur approximately at every 60 nm, an order of magnitude more frequent than estimated for animal IF networks. Intuitively, this high density of cross-links should render the FilP network a mechanically highly resilient material and would explain how FilP can make a significant contribution to the mechanical properties of the cells as measured by atomic force microscopy (8) without overtly affecting the peptidoglycan structure (Table S1 ). Furthermore, the complex localization pattern of FilP in the cells (Fig. 2) , featuring areas of almost uniform localization interspaced with filamentous cables of varying shape and size, is consistent with the notion of a cytoskeletal network with various extent of compaction ( Fig. 1  and Fig. S1 ). Cellular structures of FilP might also consist of an irregular meshwork of branching filaments with different diameters, corresponding to those formed by FilP in standard buffers, as reported previously (8) . One can envision that different cellular cues, such as membrane domains of varying composition or local differences in the availability of FilP subunits, might influence the density of FilP polymers in the living cells.
Secondly, there is the question of how the FilP cytoskeleton is recruited to the extending tips, as strong apical accumulation of FilP was observed only in actively growing cultures and disappeared upon cessation of growth (Figs. 2 and 3 ). Based on in vitro and in situ data revealing an interaction between FilP and DivIVA (Figs. 3 and 4 and Fig. S3 ), and showing that de novo formation of DivIVA foci was immediately followed by increased accumulation of FilP cytoskeleton in the flanking areas (Fig. 5) , we propose that DivIVA (or a component of the DivIVA-containing polarisome) stimulates FilP oligomerization. This process would ensure that FilP gradients are always associated with DivIVA foci and move forward with the elongating tip. Moreover, in order for polar gradients to form, the FilP structures must exhibit significant turnover rates in vivo. In analogy with animal IF proteins and crescentin, we can assume that FilP polymers are not intrinsically dynamic; thus the turnover of FilP cellular structures is likely to be facilitated by additional mechanisms, such as phosphorylation or targeted degradation (45) . Interestingly, DivIVA itself is subject to serine/threonine phosphorylation that seems to affect the assembly and disassembly of the polarisome complexes (46) . In this respect, it might be significant that a recent report also identified FilP as a potential phosphoprotein in Streptomyces (47). Furthermore, numerous cases of phosphorylation of IF proteins in animal cells have been reported. As one example, regulated phosphorylation of vimentin subunits in motile fibroblasts leads to a spatially restricted disassembly and retraction of the otherwise stable vimentin cytoskeleton at the cell surface where lamellipodia form (48) . There must also be mechanisms in place to control the assembly of FilP. We observed that, under optimal in vitro assembly conditions, there is very low background of free subunits, suggesting that FilP has high self-affinity. The defined localization patterns we observed for FilP in vivo argue against a spontaneous and immediate posttranslational incorporation into existing cytoskeletal structures, suggesting instead that there may exist some sort of chaperone mechanism to control the assembly of subunits into filaments. Interaction with DivIVA could trigger the release of such inhibition, thereby providing spatial control over the assembly of the FilP cytoskeleton. This idea is consistent with our data showing that, in E. coli cells possessing polarly localized DivIVA but lacking the mechanisms discussed above, FilP does not form polar gradients and fills the cells with structures visually similar to those observed in stationary phase S. coelicolor hyphae (Fig. S5) .
Regardless of the exact mechanism, recruitment of the FilP cytoskeleton by DivIVA, directly or indirectly, is highly reminiscent of processes occurring in polarized eukaryotic cells, where a cellular landmark complex orchestrates the assembly of actinand tubulin-based cytoskeletal structures to help the rest of the cell to orient itself toward the landmark (49) . It is likely that polarity needs to be communicated also in tip-growing bacteria, but the mechanisms have remained a mystery. Because there is no evidence of motor proteins in Streptomyces, there seems to be little need for intrinsically polar cytoskeletal tracks, as is the case in eukaryotic organisms, and instead a gradient might be used as a measure of the distance from the tip. In this regard, it is possible that the polarly oriented FilP gradient also has a role in propagation of polarity, in addition to being a structural support. Because several distantly related actinobacterial genera, such as Mycobacterium and Frankia, also possess homologs with high sequence similarity to FilP, it is likely that the cellular role of FilP is broadly conserved in this group of bacteria.
Although there remain many fascinating questions to address, we present here a mechanism to couple polar growth and the formation of an IF cytoskeleton in a bacterium, suggesting that dynamic recruitment of cytoskeleton by a polar landmark complex is a general strategy adopted by evolutionarily distant groups of organisms exhibiting cellular polarity.
Materials and Methods
Bacterial Strains and Media. The S. coelicolor and E.coli strains used in this work are listed in Table S2 . Cultivation of E.coli strains was performed as described in ref. 50 . For bacterial two-hybrid (BTH) assays, strains were grown in Luria Agar plates containing ampicillin (100 μg/mL), kanamycin (50 μg/mL), isopropyl β-D-1-thiogalactopyranoside (IPTG), and X-Gal, as specified in ref. 30 . S. coelicolor strains were grown on mannitol soy flour agar plates or in liquid yeast extract-malt extract medium (YEME) as described in ref. 51 .
Construction of Plasmids and Recombinant S. coelicolor Strains. The plasmids and strains used in this paper are listed in Table S2 . DNA manipulation and cloning were carried out according to standard protocols. Constructs for BTH screening were generated by PCR amplification of filP, divIVA, creS, and SCO3114 and cloning into the vectors pKT25, pUT18, and pUT18c (30) . All constructs were verified by nucleic acid sequencing. Strain NA883 is a marker-free derivative of strain NA335 (8) , obtained by excision of the apramycinresistance cassette as described in ref. 52 . Strain NA336 was constructed by replacing SCO5367 by an apramycin-resistance cassette according to ref. 52 . Plasmid pKF67 was conjugated into strain NA883 (24) to obtain strain NA956 as described in ref. 51 . Sequences of primers used for cloning and construction of mutants are specified in Table S3 .
Protein Techniques. For coimmunoprecipitation experiments, the cell lysates were prepared as described in ref. 53 . Forty microliters of Anti-FLAG M2 Affinity Gel (Sigma-Aldrich) was used to pull down FLAG-DivIVA complexes from 1 mL of cell lysate according to the manufacturer's guide. Protein A Sepharose (Sigma-Aldrich) was used to pull down FilP complexes from 1 mL of cell lysate incubated with 75 μL of anti-FilP antiserum. Samples were eluted by boiling with loading dye for 15 min. Supernatants were run on 10% SDS/PAGE gels, and FilP and FLAG-DivIVA were detected by Western blotting using a polyclonal rabbit anti-FilP antiserum and monoclonal mouse anti-FLAG antibodies (Sigma) as primary antibodies, respectively. Secondary horseradish peroxidase-conjugated anti-rabbit and anti-mouse antibodies (Sigma) were used for detection. Blots were visualized using ECL reagents (GE Healthcare). Recombinant His-FilP was purified as in ref. 8 . Anti-FilP antibodies were affinity purified from a polyclonal rabbit antiserum (Innovagen) as described in ref. 54 .
Light Microscopy. The samples for phase contrast and fluorescence microscopy were obtained from cultures grown in liquid YEME medium containing 17% (wt/vol) sucrose and 0.5% glycine. For immunofluorescence microscopy (IFM), cells were treated as described in ref. 55 . Affinity purified rabbit antiFilP antibodies and secondary goat anti-rabbit antibodies conjugated to Alexa Fluor568 (red) and Alexa Fluor488 (green) were used to visualize FilP. Direct EGFP fluorescence was used to visualize DivIVA-EGFP, and cell walls were visualized by staining with Alexa Fluor350-conjugated wheat germ agglutinin. All micrographs were generated using a Zeiss Axio Imager.Z1 microscope equipped with X-Cite 120 Illumination (EXFO Photonic Solutions) and a 9100-02 EM-CCD camera (Hamamatsu Photonics), and images were processed with Volocity5 software (Improvision).
Electron Microscopy. Oligomerization assays of FilP were performed essentially as described in ref. 8 . Dialysis was performed for 4.5 h on ice or 2 h at room temperature with two bath changes. The polymix buffer is composed of 5 mM magnesium acetate, 0.5 mM calcium chloride, 8 mM putrescine, 1 mM spermidine, 5 mM potassium phosphate, 95 mM potassium chloride, 5 mM ammonium chloride, and 1 mM DTT titrated to pH 7.5. The dialyzed samples were adsorbed for 2 min onto glow-discharged carbon-coated copper grids, washed in H 2 O, and immediately negatively stained in 50 μL of 1.5% uranyl acetate solution for 30 s. Negative stained samples were examined on a Philips CM120 transmission electron microscope operating at 100 kV. Digital images were recorded using a MegaView III CCD camera (1376 × 1032 pixels) and analySIS software (Olympus Soft Imaging Solutions). At 110,000× magnification ( Fig. 1 B and C) , the pixel size used for visualization is 0.63 nm.
Proximity Ligation Assay. Cells were grown in YEME medium as described for IFM. To induce FLAG-DivIVA, an actively growing culture was incubated with10 μg/mL thiostrepton for 1 h, whereafter the cells were washed and grown in YEME medium for another hour. Cells were fixed, blocked, and treated with primary antibodies as described for IFM. After washing twice in PBS, the PLA probes of anti-Mouse PLUS and anti-Rabbit MINUS (Olink) diluted (1:5) in Antibody Diluent (Olink) were applied and incubated for 1 h at 37°C. After washing twice in PBS or 1× Wash buffer A (Olink), the ligation and subsequent rolling circle amplification were performed using the Duolink II Detection Reagents Orange (Olink) according to the Duolink II User Manual for Fluorescence (Olink). After washing in 1× Wash Buffer B twice and then 0.01× Wash Buffer once (Olink), the slide was dried, mounted with Duolink II Mounting Medium, and analyzed by fluorescence microscopy.
